T he goal of controlling the orientation of on-chip magnetic nanostructures with electric fields from patterned electrodes (in contrast to using conventional power hungry external electro-magnets or other current-based approaches 1 ) is of broad technological interest for memory, 2−4 logic, 5−7 and even microfluidic 8 applications. To achieve this goal, researchers have intensively studied multiferroic systems composed of either naturally occurring materials with multiple ferroic orders (i.e., ferroelectric and ferromagnetic) 9, 10 or composite materials where a heterostructure couples together two separate materials, each possessing a single ferroic order (i.e., a piezoelectric and a ferromagnet). 11−20 The extensively studied heterostructure of a thin ferromagnetic nickel (Ni) film on the piezoelectric substrate [Pb(Mg 1/3 Nb 2/3 )O 3 ] 1−x −[PbTiO 3 ] x (PMN−PT) 8, 14, 16, 21 is one example of a composite multiferroic system. In this system, an applied electric field induces a strain at the piezoelectric/ferromagnet interface. This strain introduces a magneto-elastic energy term that competes with the demagnetization and exchange energies within patterned Ni structures, resulting in the reorientation of their magnetization. Previous measurements of this system have demonstrated an electrically induced, strain-based magnetic reorientation. 8,14,16,18,21−23 Notably, however, identical magnetic structures on a single piezoelectric substrate do not exhibit a uniform behavior in response to this stimulus. Instead the strain-induced magnetic reorientation within an array of nominally identical structures occurs for a distribution of electric field values or in some cases does not occur at all. Previously, this has been attributed to the presence of ferroelectric domains and domain walls that vary spatially, resulting in a nonuniform strain, on the same micron length scale as the magnetic structures. 8, 16 However, to our knowledge no quantitative experimental measurement has yet interrogated the systematic influence of this nonuniform micron-scale strain on magnetic microstructures as a function of the electric field in a composite multiferroic system. . XMCD−PEEM images of 1 and 2 μm Ni squares under the action of an electric field applied through the PMN−PT thickness. White frames indicate the magnetic structures with an initial magnetic vortex state, induced after the application and the subsequent removal of an external magnetic field, μ 0 H in ≈ 250 mT. Colored squares indicate the successful electrically driven transformation from a magnetic vortex to a two-domain state. The double frames indicate magnetic squares where a lateral magnetic DW motion is observed. The two bar graphs report the number of reorientation events occurring at each applied electric field for 1 μm (left) and 2 μm (right) squares.
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Nano Lett. 2018, 18, 1952−1961 In this Letter, we image both the magnetization and strain of a PMN−PT\Ni heterostructure with micrometer-scale resolution, as an applied electric field induces strain in the system. From an analysis of these images, we unveil the connection between the onset of magnetic reorientation and the locally induced piezo-strain. Micron-sized patterned Ni squares are imaged with X-ray magnetic circular dichroism-photoemission electron microscopy (XMCD-PEEM), while the local piezostrain of the PMN−PT surface in the same area of the Ni squares is mapped by X-ray microdiffraction. Our analysis is further validated by micromagnetic simulations, which correlate well with our experimental observations.
The following this index will be omitted for simplicity) crystallographic direction pointing out of the plane of the surface and is electrically prepoled in this direction with the polarization pointing "up" (see Figure 1 ) before depositing the magnetic Ni layer on top of it. Both 1 and 2 μm large magnetic square arrays, composed of a polycrystalline Ti(5 nm)\Ni(15 nm) bilayer, are patterned on the top of the Pt electrode (see Figure 1 ) using electron-beam lithography, electron-beam evaporation, and lift-off techniques. Because of the very small thickness to lateral size ratio of the patterned magnetic structures, the strain transferred inside the magnetic layer is expected to be uniform throughout its thickness.
First, we use X-ray magnetic circular dichroism−photoemission electron microscopy (XMCD−PEEM) 24, 25 to characterize the onset of an electrically induced magnetic reorientation in an array of Ni squares at room temperature ( Figure 1c) . A Landau flux-closure state 26 is initially prepared in the magnetic squares, where the magnetization inside the magnetic domains aligns parallel to the edges of the squares. After that, the magnetic moments in the Ni squares are reoriented by an electrically induced strain along the PMN−PT [100] direction. Such magnetic reorientation is driven by the inverse magnetostrictive effect (also known as the magnetoelastic effect or the Villari effect).
27−31 The induced compressive strain generated along PMN−PT[100] imparts a magnetic easy axis 45°from the edges of the squares, as shown in Figure 1c . The resulting easy axis favors a two domain state, where the magnetization in the two domains is aligned along the new magnetic easy axis and in an antiparallel fashion (see micromagnetic results below for more details). The imaged 1 μm (2 μm) large Ni squares are indicated by the dashed red (black) frame in Figure 1a . The magnetic images are taken while the electric field is applied through the sample's thickness.
Prior to imaging, the magnetic microstructures are initialized by a uniform external magnetic field, μ 0 H in ≈ 250 mT, parallel to the horizontal edges of the Ni squares (Figure 2 ). In several of the imaged squares, the desired Landau flux-closure magnetic state (subsequently described as "vortex state") is obtained, as indicated by the white frames in Figure 2 . We observe a 32% (60%) yield for the vortex state nucleation in the 1 μm (2 μm) Ni squares in the region of interest. The initialization yield is smaller than 100% because after applying and then removing a uniform magnetic field, two other magnetic configurations are observed. Several devices remain in a single-domain state, which is a local minimum in the magnetostatic energy landscape of the micromagnets. Others are observed in a randomly oriented multidomain state, primarily due to domain wall pinning effects. Indeed, perturbing the system with a small electric field (i.e., a small strain is applied to the magnetic squares) drives some of the noninitialized squares from this local energy minimum to the vortex state global minimum 26 (see Figure S1 in Supporting Information). In this work, we focus on the behavior of the magnetic squares with an initial vortex state.
After initializing the Ni squares into the magnetic vortex state, we apply a direct current (dc) electric field up to 0.66 MV/m in steps of 0.06 MV/m through the thickness of the piezoelectric substrate (i.e., the [011] crystallographic direction, see Figure 1c ). While increasing the electric field stepwise, we observe a gradual realignment of the magnetic moments in the Ni microstructures toward the [100] crystallographic direction of the PMN−PT substrate (see Figure S1 in the Supporting Information for more details). At various steps during the ramp, some of the magnetic microsquares are fully strained into a two-domain state with two antiparallel magnetic domains oriented along the PMN−PT [100] axis. At the maximum applied electric field, all of the 1 and 2 μm large Ni squares initially in a vortex-state have reoriented to this configuration. Finally, the electric field is ramped down to 0 MV/m, after which a statistically insignificant number of vortex states remain. The current experimental setup prevents a meaningful reproduction of the experiment. Observing this behavior through multiple cycles will be the subject of future studies.
The electric field values required to reorient the vortex-state in each square spans a range from 0.18 to 0.66 MV/m, as shown in Figure 2 . We indicate the electric field amplitude that reorients each square by altering the color of the surrounding frame from white to a color corresponding to the electric field amplitude. The statistical distribution of this reorientation electric field in the imaged areas is described in the two bar graphs at the bottom of Figure 2 . The graph on the left (right) reports the count of switched magnetic squares at each applied electric field in the 1 μm (2 μm) square array. A total of 31 (12) 1 μm (2 μm) squares are observed to reorient from a vortex to a two-domain state. For those squares, an average reorientation field of 0.41 MV/m (0.26 MV/m) is extracted for the 1 μm (2 μm) magnetic squares. The larger reorientation field observed for the 1 μm squares, compared to the 2 μm squares, is in agreement with the higher demagnetization energy density generated in the smaller microstructures during the magnetic reorientation. Indeed, this result is reproduced by micromagnetic simulations (see Figure S2 in Supporting Information), where a 1 μm square is found to require a strain (i.e., uniaxial magnetic anisotropy) as large as twice the one needed for the 2 μm square in order to obtain the same degree of magnetic reorientation.
At large applied electric fields, we observe lateral domain wall motion and curving (indicated by double colored frames in Figure 2 ) in addition to the formation of domains at the corners of some squares. We attribute the lateral domain wall motion and curving to electrically induced strain effects and offer a detailed explanation of this observation later in the manuscript. At this time, we do not fully understand the formation of the corner domains; however, their nucleation at high electric fields suggests a localized minimization of the magnetic energy driven by the presence of a large localized strain. Further modeling of this system may provide a more robust understanding of this mechanism. Finally, in Figure 2 we note the presence of localized areas where a number of squares, close to each other, share the same reorientation field, while squares farther apart from each other show a different reorientation field. This is most visible for the 1 μm square case, where a larger number of squares are imaged in the field-of-view. These localized regions with locally shared magnetic behavior, indicate the presence of a global nonuniformity and a spatially varying force driving the magnetic reorientation. Accordingly, we now experimentally examine the electrically induced strain that influences such behavior.
To characterize the micron-scale strain responsible for the distributed onset of magnetic reorientation in the squares, we use Laue (white light) X-ray microdiffraction, 32 as schematically shown in Figure 1d . This allows us to independently measure the electrically induced strain with micron-scale resolution at the location where the XMCD-PEEM measurements were taken. The strain is induced in an identical manner to the XMCD-PEEM measurement, by stepping the electric field from 0.0 to 0.78 MV/m in steps of 0.06 MV/m. A focused 2 μm diameter (full width at half-maximum) X-ray beam is rastered along the sample surface with a step size of 2 μm. A diffraction pattern is captured at each point in the scanned area and compared with the expected one for an ideal unstrained crystal, allowing the extraction of the actual local strain in the sample. 33 By subtracting the extracted strain at zero electric field from the one in the presence of a finite electric field, we calculate the electrically induced piezo-strain as a function of the applied field, pixel by pixel. Finally, the extracted piezo-strain is presented as a two-dimensional (2D) map, as shown in Figure  3a .
The sample is scanned along the [100] and the [011̅ ] crystallographic directions of the substrate, which are known to be the in-plane directions along which compressive (ε < 0) and tensile (ε > 0) strains, respectively, are induced when an electric field is applied along the [011] direction. 8, 17, 19 The electrically induced piezo-strains along the three main crystallographic directions, ε [100] , ε [011̅ ] , and ε [011] are measured in the area shown in Figure 1b , which contains the imaged magnetic arrays. The obtained strain maps are shown in Figure 3a (the complete data are reported in Figure S3 of the Supporting Information).
First, we observe that an average compressive strain is electrically induced along the [100] direction, while tensile strain is induced along the [011̅ ] and the [011] directions. This is more clearly shown in the graphs in Figure 3b ,c where the average strain values in the imaged 90 × 84 μm 2 large area are plotted as a function of the applied electric field for the in-plane and out-of-plane directions, respectively. We complement this Second, the images in Figure 3a report the presence of a nonhomogenous piezo-strain within the investigated area, as also indicated by the finite error bars in the graphs in Figure  3b ,c. In those images, a nonuniform strain pattern is visible, where regions with larger magnitude strain values are separated by regions with smaller strain values.
In order to obtain a more direct comparison between the observed electrically induced magnetic reorientation and the piezo-strain measured at the micrometer scale, the strain maps for Area 1 (red solid frame) and Area 2 (black solid frame) shown in Figure 3a are reported in Figure 4a . The displayed color maps report the total in-plane piezo-strain,
, because this is the actual driving force to the observed magneto-elastic effect 16, 21 reported in Figure 2 . For both Area 1 and Area 2, the strength of the measured piezo-strain is spatially nonuniform. In Figure 4a , the strain pattern is clearly visible showing that "large strain" and "small strain" regions are both present in the imaged areas (which are, respectively, the green and the blue regions, at the maximum applied electric field).
It is worth noting that Area 1 and Area 2 are defined based on the X-ray microfluorescence map at the Ni edge reported in Figure 1b , which is obtained by scanning the focused X-ray beam on the sample surface with a 2 μm step-size. The definition of these two areas in the strain maps, which is an attempt to localize the position of the imaged magnetic squares (dashed frames inside Area 1 and Area 2), is affected by an error of the order of the convolution of the step size with the Xray beam size (∼3 μm), which is of the same order as the square dimensions. Thus, a direct visual correlation at the single magnetic square-level is not allowed by the resolution of our measurements. However, a meaningful analysis of the visual correlation between the reorientation fields and the strain maps can be performed within the resolution limit on regions like the XMCD−PEEM viewing area with dimensions on the order of tens of microns.
From the microdiffraction data, we quantify the local strain dependence as a function of the applied electric field at two different locations within Area 1 and Area 2. One large strain region, a (black frame), and one small strain region, b (gray frame), both 4 × 4 μm 2 in size, are chosen in Figure 4a for this analysis. In Figure 4b ,c, it can be seen that the average total piezo-strain, ε [100] − ε [011̅ ] , in region a (black squares) is always larger than in region b (gray triangles), for all of the applied electric field magnitudes. This is more directly shown in Figure  4d ,e, where the electric field dependence of the difference between the strain in a and in b is shown, respectively, for Area 1 and Area 2. The local strain differences are observed to increase with increasing electric field with a maximum value of Δε = 0.37 ppt measured at the maximum applied electric field.
By using a phenomenological model to describe the magneto-elastic effect induced in this composite multiferroic system, the electrically controlled strain-induced magnetoelastic uniaxial anisotropy energy density can be evaluated using the following equation
where λ p is the saturation magnetostriction constant for polycrystalline Ni, Y is the Young's modulus for Ni, and θ [100] is the angle between the magnetization direction and the compressive strain direction of the piezoelectric, [100]. From eq 1, it is possible to define a magneto-elastic uniaxial anisotropy factor:
, which is a function of the electrically induced piezo-strain.
It is now possible to translate the experimentally measured local strain values into the equivalent local magneto-elastic anisotropy energy density, which is the actual driving force in the observed electrically induced magnetic reorientation. A nonuniform strain distribution corresponds to a nonuniform U me in the magnetic arrays, which is expected to result in a nonuniform activation of the different magnetic squares.
In order to quantify the influence of the nonuniformity of the strain on the magnetic reorientation effect, we compare the locally induced magnetoelastic anisotropy energy densities between the small strain and the large strain regions. The measured strain values at the selected small strain regions (b regions) for the average reorientation fields are ε A1_b = −0.55 ppt (at E = 0.42 MV/m) for the 1 μm squares and ε A2_b = −0.25 ppt (at E = 0.24 MV/m) for the 2 μm squares. On the basis of eq 1, these strain values correspond to 35 K A1_b = −10.5 kJ/m 3 and K A2_b = 5.7 kJ/m 3 . Furthermore, the strain differences between region a and region b at the same electric fields correspond to the following differences in the induced uniaxial magnetic anisotropy: ΔK A1_b = 3.9 kJ/m 3 and ΔK A2_b = 2.5 kJ/m 3 . On the basis of this, we can calculate a relative magnetic anisotropy energy difference of ΔK/K b = 0.37 and 0.44 for Area 1 and Area 2, respectively. As a result, during the reorientation process the difference in the locally induced K me. between two different magnetic squares, one sitting on top of a small strain region and one on top of a large strain region, just a few microns apart, can be as large as 37% and 44% in the two studied areas.
We experimentally verify the analysis above in Figure 4f ,g, where we overlay the electric field activation data shown in Figure 2 on top of a strain maps taken at 0.66 MV/m for both the 1 and 2 μm squares, respectively, to directly compare the reorientation field distribution (colored frames) and the local strain configuration. The microdiffraction data for E = 0.66 MV/m presented in Figure 4f indicates the presence of a significant strain inhomogeneity within the XMCD−PEEM viewing area (dashed red frame) which drastically influences the magnetic reorientation behavior of the 1 μm squares. We analyze this data assuming the Ni squares are nominally identical across the entire viewing area. The squares located in the blue strain region (approximately from −0.90 to −1.2 ppt at 0.66 MV/m) tend to remain in the vortex state longer and require a stronger electric field (green−blue−violet frames) to generate enough strain to drive magnetic reorientation. On the other hand, the squares located in the green strain regions (from −1.2 to −1.5 ppt at 0.66 MV/m) tend to reorient at lower electric fields (red−orange−yellow frames), correlating well with the larger local strain present in that region of the sample. This observation agrees with our analysis of the strain data above, where we concluded that closely spaced, nominally identical magnetic squares subject to widely varying local strains experience significantly distinct local magnetoelastic anisotropies. These local magnetoelastic anisotropies drive the spatial distribution of the strain-dependent magnetic reorientation in the squares. Furthermore, the microdiffraction data with the overlaid 2 μm squares reorientation behavior presented in Figure 4g compliments this result. In this case, the XMCD− PEEM viewing area (dashed black frame) is subject to more homogeneous local strains (approximately −1.2 ppt at 0.66 MV/m), resulting in a tighter distribution of the electric field required to induce magnetic reorientation, driven by more similar local magnetoelastic anisotropies.
It is worth noting that, while the reorientation of the squares is driven by the local magnetoelastic anisotropies, pinning due to interface inhomogeneities or fabrication defects may also contribute to the distribution of reorientation fields observed in Figure 2 . Our analysis of the data, however, suggests these effects are minimal. We observe a continuous and deterministic magnetic rotation within the structures befitting of the strainbased control rather than the discontinuous propagation of Nano Letters domain walls moving through pinning sites along the edges of the structures. This is particularly true for the 2 μm squares. Furthermore, a small edge roughness is confirmed by scanning electron microscopy imaging (see Figure S4 in Supporting Information). Interestingly, a recent study 36 has shown that interface defects introduced by the PMN−PT surface roughness can be reduced by depositing a thin film polymer between the PMN−PT and Pt layers, offering a possible path toward a pinning-free multiferroic system with a more uniform magnetic response.
On the basis of our findings, we thus conclude that the observed nonuniform electrical activation of magnetic squares reported in Figure 2 is due to the nonuniform spatial distribution of the piezo-strain induced at the PMN−PT substrate top surface (as shown in Figure 4) , which results in a nonuniform magneto-elastic anisotropy acting on the magnetic structures.
To further understand the electrical activation of magnetic squares reported above, micromagnetic simulations are carried out using a MuMax code 37, 38 (see Section S2 in the Supporting Information). Here we focus on understanding how the magnetic reorientation process presented above would be affected by the presence of a nonuniform strain inside a single magnetic square.
A 2 μm × 2 μm magnetic Ni square is simulated, where a Landau initial state is modified by a stepwise increase of a uniaxial anisotropy energy term (which, according to the phenomenological model presented above, corresponds to the application of a uniaxial strain). Two different simulations are carried out; the first one assumes a uniform strain (i.e., a uniform uniaxial magnetic anisotropy); the second one includes the presence of a nonuniform strain. In both cases, the uniaxial strain is oriented along one of the square's diagonals, so as to reproduce the same conditions of the actual experiment. More details can be found in Section S2 of the Supporting Information.
In Figure 5 , the outcome of the micromagnetic simulations is compared with the experimental data for one of the 2 μm × 2 μm magnetic Ni squares reported in Figure 2 . The experimental results are reported in the first row of Figure 5 , while the outcome of the micromagnetic simulations with uniform strain and nonuniform strain are reported in the second and third row, respectively. The four images of the experimental Ni square show the observed magnetic steady state when an electric field of 0, 0.18, 0.36, and 0.54 MV/m is applied through the PMN−PT substrate. On the other hand, the frames shown for the simulations are chosen in the following way. For the uniform strain case, the first image is the steady state obtained with zero initial strain, that is, no uniaxial magnetic anisotropy. For the nonuniform strain case, the first image is the initial steady state considering the nonzero initial magnetic anisotropy (see color map at the bottom right of Figure 5 ). Such an initial magnetic anisotropy configuration is defined by randomly generating a polygon map and subsequently randomly assigning a value for the anisotropy energy density to each of the polygons. The range of values (from −2 kJ/m 3 to +2 kJ/m 3 ) is chosen based on the values of strains reported in Figure 4e , so as to replicate the strain nonuniformity present in the experimental system (see Supplementary Section S2 for more details). The other frames correspond to the application of a uniform uniaxial anisotropy energy density, E u = K u sin 2 (θ [100] ), with K u values of 8, 16, and 24 kJ/m 3 , which is added to the initial anisotropy defined in the magnetic square (zero for the uniform case, nonzero for the nonuniform case). By equating Figure 5 . Comparison between the strain-induced activation of a 2 μm magnetic square observed experimentally and the outcome of micromagnetic simulations. The first row reports the magnetic state of one of the magnetic squares observed by XMCD−PEEM, as a function of the applied electric field. The second and third rows report the outcome of micromagnetic simulations where an increasing uniform and nonuniform magnetic uniaxial anisotropy, K u , is applied, respectively. The color map at the bottom-right shows the random polygon map used for defining the initial nonuniform K u distribution present in the latter micromagnetic simulation. Figure 4e for region a), the experimental observations are quantitatively reproduced by the micromagnetic simulation for the following parameters: λ p = −69 × 10 −6 and Y = 220 GPa. The latter is the bulk Young's modulus of polycrystalline Ni, while λ p = −69 × 10 −6 is close to the range of experimentally reported values of the saturation magnetostriction constant for polycrystalline Ni. 35 Experimentally, as the electric field is increased stepwise, the magnetic state inside the Ni square is observed at first to transform from an initial Landau flux-closure state to a twodomain state. Subsequently, for even larger electric field values the magnetic domain wall (DW) separating the two domains is observed to curve and propagate toward the bottom left corner of the square. When compared to the results of the micromagnetic simulations, both cases reproduce the vortex to two-domain transformation but only the simulation with a nonuniform strain is able to reproduce the curving and the lateral motion of the magnetic DW.
The interpretation of the observed magnetic DW motion is then the following. The nonuniformity of the strain inside the square results in a spatially varying magnetic energy landscape, which evolves as the electric field is increased. As the electric field increases, spatial differences in strain intensify and eventually induce a DW motion from strain regions with larger anisotropy (K) to strain regions with smaller anisotropy. Accordingly, the DW motion is driven by the minimization of its energy density, σ ∝ A K DW ex , where A ex is the micromagnetic exchange constant and K is the total magnetic anisotropy. Furthermore, the propagation of the DW away from the diagonal of the square is assisted by the shortening of the DW which further decreases the total DW energy, ϵ DW ∝ σ DW l DW ; where l DW is the length of the magnetic DW. Finally, the dipolar field energy, which increases while the system evolves away from the perfectly symmetric two-domain state, counteracts the DW motion in order to minimize itself. All this results in a stepwise motion of the DW, which propagates at each increase of the strain as a result of the balance between the lowering of the DW energy and the increase of the dipolar energy.
This finding is further confirmation that the magnetic squares in the multiferroic actuator are experiencing a nonuniform strain. The strain can be nonuniform, not only from square to square, as revealed by our X-ray microdiffraction experiments, but also within the same square, substantially affecting the ideal behavior of the multiferroic system. In summary, we have performed a systematic, micron-scale study of the physical mechanisms which drive a PMN−PT/Ni multiferroic actuator. We correlated the electric-field distribution required to drive magnetic reorientations in micron-scale Ni squares to the micron-scale local strain environment, by separately measuring the strain (by X-ray microdiffraction) and magnetic response (by XMCD−PEEM) to an applied electric field at the same location in the multiferroic device. With an electric field applied uniformly over the surface, areas separated by microns were observed with distinctly different strain amplitudes driving significant local spatial variations of the magnetoelastic anisotropy. As the electric field was increased, this distribution of nonuniform strains drove the nominally identical magnetic squares to reorient over a range of electric fields. This experimentally observed behavior was verified with a micromagnetic model. Our systematic study emphasizes the importance of the interface in composite multiferroic structures. Surface and interface engineering at the micronscale is critical to achieve uniform magnetic responses to electrically induced strains even on polished, prepoled, singlecrystal substrates. 36 This fusion of experimental techniques (XMCD−PEEM and X-ray microdiffraction) enables robust assessments of future composite multiferroic devices at these length scales. Author Contributions R.L.C. wrote the manuscript; R.L.C. and C.C. prepared the Supporting Information. Z.X. prepared the sample. R.L.C., Z.X., and A.S. carried out the XMCD-PEEM imaging experiment; R.L.C. and Z.X. carried out the data analysis. R.L.C., Z.X., C.V.S., J.G., A.E.-G., and N.T. carried out the X-ray microdiffraction experiment; R.L.C., C.V.S., A.P., and Z.X. carried out the data analysis. C.C. carried out the micromagnetic simulations. R.L.C., M.E.N., and J.B. designed the experiments. All authors discussed the results and contributed to the preparation of the manuscript. All authors have given approval to the final version of the manuscript.
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